Diphenylhydantoin was studied for its effects on Ca currents in single isolated guinea pig ventricular cells. The whole-cell patch-clamp technique was used, and Ca currents were studied after suppressing Na and K currents. At low frequencies (0.1 Hz) and negative holding potentials (-50 mV), diphenylhydantoin produced a concentration-dependent decrease in Ca currents without any significant change in the current-voltage relations. Half blocking effect occurred at 2 x 10~4 M. The effects of diphenylhydantoin on Ca currents were dependent upon the holding potential. Inactivation curves for Ca currents were shifted to more negative potentials by the drug. The recovery of Ca currents from inactivation was prolonged by diphenylhydantoin, and the repriming of the current displayed an additional component, attributed to slow release of the drug from the channels. The voltage-dependent block was attributed to preferred binding by the inactivated channel state. Diphenylhydantoin also blocked specific [ 3 H]-nitrendipine binding to guinea pig ventricular membrane preparations. The inhibition of [ 3 H]-nitrendipine binding by diphenylhydantoin was competitive. Diphenylhydantoin also blocks cardiac Na channels in a voltage-dependent manner. We suggest that diphenylhydantoin binding sites exist on both Ca and Na channels. (Circulation Research 1986;59:356-361)
D IPHENYLHYDANTOIN (DPH) is an anticon-I vulsant drug that has been used in the treatment of cardiac arrhythmias. 1 -2 Its effects on the cardiac action potential suggest that both Na and Ca currents are changed. 3 -4 More recently DPH has been shown to produce voltage-dependent block of cardiac Na currents (I Na ) in isolated ventricular cells, 5 and Scheuer and Kass 6 observed a reduction of Ca currents (1^) in Purkinje fiber syncytia. We have recently reported that dihydropyridine receptors are associated with cardiac Na channels as well as cardiac Ca channels. 7 Receptors for bepridil also exist in association with both channels. 8 We were therefore interested in further defining the possible mechanism by which DPH acts on cardiac Ca channels.
Materials and Methods Electrophysiological Measurements and Data Analysis
Single ventricular cells were isolated from guinea pig hearts by the procedure of Brown et al. 9 Whole-cell voltage-clamp currents were recorded using the patchclamp method of Hamill et al. 10 The patch pipettes had a tip resistance of 1.5 Mfi or less, and the input resistances of the cells we used were between 10 and 100 Gfi. The pipette capacitance to ground was neutralized after forming a seal. The series resistance was mea-sured from the time constant of the capacitive transient after blowing out the membrane. The average capacitive transient was 100 ± 20 /^.seconds (n = 30), the average cell capacity was 90 ± 10 pF (n = 20), and the series resistance was 1.5 Mfi or less. The peak L^'s were less than 3,000 pA, and therefore, the effect of the series resistance was negligible for these currents. The series resistance could be compensated subsequently to enhance further the speed of the clamp.
The experimental chamber (0.2 ml) was placed on a microscope stage, and external solutions were superfused at a rate of 2 ml/min by gravity. The solutions in the chamber exchange in 30 seconds. Cells were placed in a recording solution containing (mM) CaCl 2 , 2 or 5; tetraethylammonium chloride, 135; 4-aminopyridine, 5; MgCl 2 , 1; glucose 10; HEPES, 10; TTX, 10~5M (pH 7.4). The patch pipette had the following composition (mM) Cs aspartate, 110; CsCl, 20; ATP, 2; EGTA 5; MgCl 2 , 1; HEPES, 5 (pH 7.3). These solutions provided isolation of Ca currents from other membrane currents; Na and K currents were completely eliminated. The liquid junction potential between the interior of the electrode and the bath solution (=8 mV) were compensated for by shifting the observed membrane potential by -8 mV. All experiments were performed at room temperature (20-22° C). The current and voltage in response to command pulses were monitored on a strage oscilloscope. Analog data were filtered at 1-5 KHz, sampled at 10 KHz, and stored for subsequent analysis on a PDP 11/70 computer. The concentration-response curves were fit to single or multiple occupancy Langmuir absorption isotherms using a modified Marquardt-Levenberg nonlinear squares method." The inactivation-voltage curves were fit to Boltzmann distributions using the same method. The "F' test was used to differentiate between one site and multiple site models of dose-response curves and single-and double-exponential models of recovery from inactivation curves.
Binding Studies
Membranes were prepared from guinea pig ventricular tissue. Briefly, ventricular tissue was removed from 10 albino guinea pigs and placed in 20 ml of ice cold 25 mM KC1, 40 mM Na tetraborate HC1, and 5 mM EDTA (pH 6.8) for 1 hour. The tissue was removed and minced with scissors. 10 mM MOPS (pH 7.4), 10% sucrose, 1 mM aminobenzamidine, 1 pig/ml pepstatin, 0.5 mg/ml leupeptin, 10 /u.g/ml aprotinen, and 0.1 mM PMSF was added to 10 ml of buffer per gram of tissue and homogenized 3x15 seconds at high speed in a Waring blender. The homogenate was centrifuged for 10 minutes at 7K in a JA 20 rotor in a Beckman J 220 centrifuge. The supernatant was removed and centrifuged at 30K for 20 minutes in a 60 Ti rotor in an ultracentrifuge. The pellet was resuspended in 2 ml of 10 mM MOPS (pH 7.4) and 10% sucrose containing protease inhibitors at the concentrations described above. The crude membranes were further purified on a 20-50% (w/w) sucrose gradient containing 10 mM MOPS (pH 7.4) and protease inhibitors. The gradient was centrifuged 15 hours at 25K in a SW28 rotor, and 1-ml fractions were collected. Two fractions were isolated that were rich in [ 3 H]-nitrendipine binding sites. The lighter fraction banded at about 25% sucrose while the second fraction banded at about 40% sucrose. The denser fraction was used in all experiments to be described here.
Radiolabelled dihydropyridine binding was determined by incubation of the membrane preparation with [ 3 H]-nitrendipine or [ 3 H]-( + )-PN200-110 in 50 mM MOPS (pH 7.4). The final protein concentration was always less than 0.1 mg/ml. The reactions were terminated by filtration through Whatman GF/B or GF/F glass fiber filters. The filters were washed five times with 5-ml aliquots of ice-cold glass-distilled water. The radioactivity associated with the filters was determined by standard liquid scintillation techniques. Nonspecifiic nitrendipine binding was determined by addition of 1 /u,M unlabelled nitrendipine to the incubation mixture. All samples had identical final ethanol concentrations of less than 0.1%. 
Drugs

Results
Effects of DPH on Cardiac Ca Current
DPH at a concentration of 10 ~4M reduced 1,^ in guinea pig ventricular cells ( Figure 1A) . The records were taken (a) before and (b) 8 minutes after the drug addition. The current-voltage (I-V) relations before and after DPH are shown in Figure IB . The drug reduced 1^ at all test potentials between -30 and +50 mV. In most experiments such as the one shown in Figure 6 the waveform appeared to be scaled, but in some the. effect appeared to be greater on the peak transient compared to the more slowly inactivating component. The holding potential was -50 mV, and 100-msecond pulses were applied every 10 seconds; under these conditions there was no evidence of low threshold Ca currents; nor were such currents observed at more negative holding potentials of -80 mV. l2 The depression of 1,^ produced by DPH at this concentration began within 20 seconds and reached a steady value in 5 to 6 minutes. Recovery of !<-. " was complete 8-10 minutes after return to control solution. The concentration dependence for the steady response of the drug (8-10 minutes) is shown in Figure 2 . For each concentration-response curve, the I-V relations such as that shown in Figure IB were obtained before and after application of the drug. The drug effects were independent of the test potential, and changes of I a were plotted as a fraction of 1^ measured in control. The reduction of 1^ occurred at concentrations as low as 5 x 10" 6 M and became progressively greater at higher concentrations. At concentrations greater than 2 X 10" 4 M and pH 7.4, DPH is only sparingly soluble. pH 8 or higher was tested, but control 1^ was increased, and full block could not be obtained. We fitted the data using one-site and two-site models, and the results were compared by an "F' test. The data were better fit to the single occupancy curve, given by
where [M] is DPH concentration and K d is an apparent dissociation constant and was 1.2 x 10~4 M.
To test the effect of holding potential on the blocking action of DPH, we performed the experiment shown in Figure 3 . The cell was stimulated with 100msecond pulses from -50 mV to + 10 mV every 10 seconds (Figure 3a , o). Stimulation was continued in the presence of DPH (2 X 10~4M) to reach steady state at 10 minutes (Figure 3a, •) . The cell was then clamped to -80 mV for 2 minutes and restimulated to steady state (Figure 3b, A) . Control measurements showed no change in the amplitude of 1^ when these procedures were followed in the absence of drugs. At a holding potential of -50 mV, DPH reduced 1^ to about 46% (•). Following a 2-minute period at -80 mV, 1^ upon restimulation (A) was about 75% of the control. We have also examined the blocking effect of DPH using a different procedure in which the cell was held at -80 mV for 10 minutes prior to the first test pulse to + 10 mV in the absence or presence of DPH (2 x 10 " 4 M). DPH reduced 1^ of this test pulse to 80 ± 6% (n = 3) of the control. Subsequent pulsing at 0.1 Hz gave a steady value of 75 ± 6% of the control 1^.
These results suggested that DPH block of Ca channels had a voltage-dependent component, and we next examined the interaction between DPH block and Ca channel availability using a wide range of holding potentials. Figure 4 shows a representative steady inactivation curve of I,;, determined by the double pulse protocol. When the effects of prepulses of 2-second, 10-second, 30-second, 1-minute, and 2-minute duration were compared in the presence of DPH, the inactivation curve shifted to more negative potentials as the duration increased to 1 minute, indicating that additional block by the drug develops during this time. In contrast, the control, drug-free inactivation curve was not significantly shifted by increasing the prepulse duration beyond 1-2 seconds. Thus, in the present studies, both curves were determined using prepulse durations sufficiently long to ensure a steady state (2 seconds for the control and 2 minutes for DPH). The curves were fit to an inactivation-potential relation based on an assumed Boltzmann distribution of channel charge within the membrane field 13 :
where V h is the midpoint and k is the slope of the curve. The mean control value for V h and k in 6 cells were -25 ± 6 mV and 6.0 ± 2 mV (mean ± SD), respectively. In the presence of DPH (2 X 10" 4 M), the curve shifted to more negative potentials by 10 ± 3 mV (n = 4). There was no consistent change in the k values. We next examined the effects of DPH on Ca channel repriming using a double-pulse protocol. A 1-second prepulse to + 10 mV was followed by test pulses to + 10 mV at intervals varying from 50 msec to 5 sec ( Figure 5 ). In the absence of DPH, the time course of recovery was fit by a single exponential function when the recovery potential was -50 mV or more negative. In four experiments, the time constant for recovery after a 1-second pulse at -50 mV was 350 ± 80 msec 16OO 3200 4800 (mean ± SD). In the presence of 2 x 10-4 MDPH,the time course of recovery was fitted best by the sum of two exponentials. The first phase had a T, of 430 ± 40 mseconds, which was approximately the same time course as in the absence of drug. The second phase was much slower, with x 2 of 4.8 ± 1 second.
We also examined whether DPH could block open channels. The simplest way to examine the open channel blocking effect is to compare the waveform of the currents during depolarizing voltage pulses before and after exposure to DPH. Drugs that block by binding to the open state of the channel should increase the inactivation rate. 14 Figure 6A shows the time course of I,;, before and after the application of DPH (2 x 10" 4 M). Figure 6B shows the magnitudes of 1^ before and after the drug are normalized. With DPH, the current amplitude is reduced by 50%; however, the waveform, in particular the rate of inactivation, is not altered. We observed no significant change in the rate of apparent inactivation of I^ during voltage pulses in five additional experiments. In Figure 3 , however, the scaled currents before and after drug application were not exactly superimposable.
Our results showed a clear effect of DPH on Ca channels. The question of the relation of the DPH binding site to the Ca channel was examined further by studying the effect of DPH on the dihydropyridine receptor thought to be associated with or part of the Ca channel." DPH. Due to the solubility properties of DPH, complete inhibition could not be obtained. Using the Cheng and Prusoff equation, 16 we calculated an apparent K, of 1.2 X 10" 4 M, a value similar to the ICJO. This calculation is valid only for a competitive inhibitor. As can be seen in Figure 7 , DPH causes an increase in the apparent K,, for both [ 3 H]-nitrendipine binding ( Figure  7A) or pH]-( + )-PN200-110 binding ( Figure 7B ) to guinea pig membranes, suggesting that the interaction is indeed competitive. In support of this, DPH has no effect on the rate of dissociation of bound [ 3 H]-PN2OO-110 (data not shown). However, in most experiments there was also a small change in the B^. The significance of this is not yet known.
Effects of DPH on [ 3 H]-Nitrendipine Binding
Discussion
The two main results of our study are that DPH blocks Ca channels in a voltage-dependent manner and that it inhibits [ 3 H]-nitrendipine binding in a competitive manner. The IC,,, for the pharmacological experiments and the K d of the binding experiments are similar. Given the voltage-dependence of DPH block, a lower K d might have been anticipated for the binding data. A possible explanation is that the DPH binding site is different between the two sets of experiments. The DPH concentrations were close to the maximum therapeutic plasma levels of the drug 17 and are similar to concentrations that block Na channels. 3 The electrophysiological result is manifested by the increased block at depolarized holding potentials and the extra slow recovery T due to release of drug from inactivated channels. Guinea pig ventricular cells have few lowthreshold Ca channels, 12 and the effects we have observed are due to actions on the high-threshold Ca channels. The binding result agrees with the results in brain where DPH blocks [ 3 H]-nitrendipine binding competitively. 18 Our findings extend those of Scheuer and Kass, 6 who did not examine voltage dependence of the DPH effect. They are consistent with other electrophysiological studies on the heart cited in the introduc-tion. In addition, DPH reduces Ca uptake in nervous tissue such as brain 19 and lobster axon. 20 Our results suggest that DPH blocks rested channels, but it is also possible that at -50 mV the block is to a very small fraction of channels that may be inactivated at this potential. What is clear is that depolarization increases the block. We attribute this to enhanced drug binding to inactivated channels because the enhancement occurs at potentials such as -50 and -40 mV where the opening probability is virtually zero (See Figure 1 for example). In addition, changes in waveform associated with block of open channels were not prominent. It should be noted that block of inactivated channels developed too slowly to be detected during a 100-msec voltage-clamp pulse step. This could be true for open channel block as well. It is in fact possible that some open channel block might occur. Relief of block by hyperpolarization would then be explained by clearance of drug when the closed inactivation gates are reopened. 21 Earlier work from our laboratory 5 showed that DPH blocked cardiac Na channels in a voltage-dependent manner. The binding data shown herein indicate that for the Ca channel, the DPH binding site is identical to the dihydropyridine binding site. It has also been shown that dihydropyridine binding sites exist on the Na channel 7 in addition to the Ca channel. Such results are consistent with the idea that homologous regions exist on Na and Ca channels. The binding sites might be within the membrane because at pH 7.4 DPH is mainly neutral and its lipophilicity would favor a high concentration in membrane lipids.
